With their increasing use, nanoparticles will become concentrated in urban effluents in the future.
INTRODUCTION
Nanoparticles are particles having at least one dimension less than 100 nm. Their small dimensions give them unique properties that make them suitable for many industrial applications and the use of manufactured nanoparticles is rapidly increasing. Engineered nanoparticles can be inorganic, such as titanium dioxide, or made of pure carbon, such as carbon black or fullerenes. In 2006, the scientific community was stunned by electron microscopy pictures showing nanoparticles (gold and TiO 2 ) that had penetrated human red blood cells, likely by passive diffusion. Toxicity effects from inorganic and organic nanoparticles to various aquatic animals and mammals have been reported.
Nanoparticles have long been used in high tonnages under the form of carbon black incorporated as a reinforcing phase in automobile tires, or silicate nanoparticles in ceramics. One growing application of TiO 2 is as a coating in self-cleaning windows. Other applications with potential growth in construction include the incorporation of TiO 2 in concrete or surface coatings to reduce air contamination inside homes but also in streets. Silver nanoparticles hold great promise to enhance energy production with silicon thin-film photovoltaics. Owing to their extreme mechanical resistance, and other interesting properties, the application of carbon nanoparticles such as carbon nanotubes (CNT) and fullerenes that have potential use in therapeutics, diagnostics and solar cells is also expected to grow quickly. It is hence likely that both inorganic and organic nanoparticles will become concentrated in cities' effluents, including industrial and urban wastewaters and will eventually reach drinking water resources. Therefore it is necessary to check their behavior during drinking water treatment processes, which also assumes the availability of adequate measurement methods. Several authors have studied the separation of nanoparticles by physical processes including centrifugation (Akbulut et al. ) , deflection by a patterned substrate (Zhang & Koplik ) and magnetoseparation (Mandel & Hutter ) , but information on the efficiency of current drinking water processes is still lacking. As the handling of aqueous suspensions of nanoparticles is quite challenging, two limited but complementary objectives were pursued during the present project: (1) check the current status of high performance liquid chromatography/mass spectrometry (HPLC/MS) analytical methods for organic nanoparticles with application to C 60 fullerenes in urban wastewaters (fullerenes were selected as measurement techniques for CNT are not considered mature or simple enough for environmental monitoring); and (2) check the behavior of widely used inorganic nanoparticles during the initial steps of conventional drinking water treatment processes.
MATERIAL AND METHODS
Analysis of fullerenes in treated urban wastewaters C 60 fullerenes were determined in suspended matter from a selection of urban wastewaters by atmospheric pressure chemical ionization (APCI) high resolution LC/MS after concentration of 200 mL by membrane filtration (0.45 μm HNWP Nylon membranes, Millipore) followed by elution in 3 × 20 mL portions of pure toluene under sonication. The combined portions were evaporated down to 1 mL. Separation of fullerenes was carried out on a Hypersil Gold (150 × 2.1 mm, dp ¼ 1.9 μm) column with a toluene/methanol 45/55 mobile phase. The column flow rate was 300 μL/ min and the injection volume was 5 μL. The APCI source conditions were as follows: corona discharge 10 μA, sheath gas 20 arbitrary units, auxiliary gas 5 arbitrary units, vaporization temperature 450 W C and capillary temperature 250 W C.
The MS detector (Exactive, Thermo Fisher Scientific) resolution was set at 10,000. Pure standards (99%) of C 60 fullerenes were obtained from MER Corporation. Effluents from urban wastewaters were sampled during 2011 from five plants ranging in capacity from 30,000 to 400,000 equivalent-inhabitants. All plants comprised an activated sludge process followed in one of them by a sand filtration step. Samples were kept frozen (À20 W C) until extraction.
Clarification tests at laboratory and pilot scale
Waters used for the tests Tap water from Le Pecq (France) and Seine river water, differing in their natural organic matter and suspended solids content, were used for clarification tests. Their main characteristics are summarized in Table 1 .
Nanoparticles tested
The two types of nanoparticles used for this study included silicon dioxide KLEBOSOL ® 30R50, sent by AZ Electronic Materials as an aqueous dispersion of SiO 2 nanoparticles in water, and titanium dioxide COVASCREEN WTI, sent by Sensient Cosmetic Technologies LCW as a stabilized dispersion of surface coated nanofine TiO 2 in water and glycerine. The main characteristics of these two types of nanoparticles are summarized in Table 2 .
Pilot scale experiments
The dissolved air flotation pilot was designed for a 500 L/h flow rate, corresponding to a hydraulic contact time of 50 min. Rapid mixing (5 min) was followed by slow mixing (36 min) and flotation (9 min). The ratio between pressurized water and the design flow rate was equal to 10% and the velocity in the treated water compartment was equal to 16 m/h. The lamellar settling pilot had a design flow rate of 90 min, corresponding to a hydraulic contact time of 90 min. Rapid mixing (4 min) was followed by slow mixing (30 min) and settling (56 min). The water velocity in the treated water compartment was equal to 2 m/h. As such processes will likely be used to treat industrial effluents first, only rather high concentrations of nanoparticles were tested.
Analysis of inorganic nanoparticles
Initially, silicon was measured by inductively coupled plasma/MS (ICP/MS) (Thermo Fischer Scientific) with a detection limit of 0.02 mg/L, while titanium was determined by ICP/atomic emission spectrometry (ICP/AES) (Varian) with a detection limit of 0.01 mg/L. With the high concentrations of inorganic nanoparticles spiked, turbidity by nephelometry was found to be a good surrogate and was used later in the project instead of ICP/MS. (Isaacson et al. ) . Since carbon atoms have an exact mass of 12.000, C 60 fullerenes have an exact mass of 720.000 with the following theoretical isotopic ratios: 721 (64.9%), 722 (20.6%) and 723 (4.3%). The use of high resolution LC/MS proves quite effective in obtaining an isotopic cluster close to these theoretical values, as shown in Figure 1 . Both the exact mass observed (720.006) and this isotopic cluster provide a high level of specificity compared with low resolution MS instruments used by previous authors (Farré et al. ) . On the other hand, stability problems were observed during the LC/MS analysis. Using a low resolution triple stage quadrupole, calibration curves were systematically lower at the end of the day compared with in the morning. This phenomenon was not mentioned by previous authors using a similar type of interface (Isaacson et al. ) .
RESULTS AND DISCUSSION
Fortunately, the fast separation obtained on the high resolution instrument allowed calibration curves and samples to be injected within one half day, thereby minimizing this problem. Also, responses obtained during duplicate injections sometimes varied by a factor of 2-3; therefore all standards and samples were injected at least in triplicate, and the average response was used to calculate final results.
This lack of stability is visible as a higher than expected scatter on the calibration curve ( Figure 2) . Overall, high resolution LC/MS with negative APCI mode provides a sensitive and specific way to detect fullerenes in environmental samples, but the robustness of the approach still needs to be improved.
With one exception, results from a selection of treated urban wastewaters from treatment plants ranging in capacity from 30,000 to 400,000 equivalent inhabitants were negative. Although these results arise from a single determination, they tend to indicate that the widespread use of C 60 fullerenes has not started yet, contrary to previous claims (Farré et al. ) .
However, point sources cannot be ruled out (Table 3) . The plant showing a positive result was located in an area without a fullerenes manufacturing plant, therefore their origin could not be ascertained. Therefore water utilities should start investigating the efficiency of their abatement processes for this type of organic nanoparticle.
Results from clarification tests at pilot scale
The ultimate objective of this project was to define an optimized method for separating nanoparticles already produced in large amounts and potentially present in water resources. With that objective, the study of process efficiency for solid/liquid separation of selected nanoparticles was done at pilot scale on water spiked with these nanoparticles. Owing to different implementation technologies, treatability testing of nanoparticles removal was done on two types of conventional process representative of industrial systems: lamellar settling and dissolved air flotation.
The optimum conditions as determined by jar test experiments with Aqualenc and AN905 were used for pilot-scale experiments. No pH adjustment was done even when operating in Seine river water. In this case, the sum of the optimum coagulant doses for natural and spiked nanoparticles was applied to satisfy both coagulant demands.
Experimental conditions and results obtained with SiO 2 nanoparticles are summarized in Table 4 .
From these results it can be concluded that the best available technology for SiO 2 nanoparticles removal is lamellar settling. The use of 120 mg/L of Aqualenc coagulant without flocculant addition allows 99% removal for an initial concentration of 1 g/L (Figure 3) . Figure 4 ) The dissolved air flotation process implemented under the usual industrial conditions does not permit removal of SiO 2 nanoparticles. SiO 2 removal is possible only by settling in the flocculator. This result can be related to the high density of SiO 2 (Figure 4) .
Experimental conditions and results obtained with TiO 2 nanoparticles are summarized in Table 5 .
Based on turbidity measurement, lamellar settling experiments conducted in tap water show that flocs of TiO 2 are removed at 40 and 50% at the outlet of the flocculation tank for a flocculant dosage of 0.28 and 0.40 mg/L, respectively ( Figure 5 ). Small and weak flocs of TiO 2 obtained from Covascreen paste are not suitable for subsequent transport and lamellar settling when applying the usual industrial conditions.
Results obtained with tap water in the dissolved air flotation pilot show a turbidity removal of 45% with coagulant and flocculant and only 30% with coagulant alone. This result suggests that settling occurs in the flocculator prior to the flotation tank. This remark is strengthened by the observation of a thick layer of aggregates at the bottom of the flocculator when implementing Seine river water with a turbidity removal of 85-90% ( Figure 6 ).
CONCLUSIONS
From these results it can be concluded that of the two clarification techniques investigated the best available technology for SiO 2 nanoparticles removal is lamellar settling. The use of 120 mg/L of Aqualenc coagulant without flocculant addition allows 99% removal for an initial concentration of 1 g/L. This result was obtained in tap water and further investigations have to be done to assess the performance of lamellar settling for SiO 2 nanoparticles removal when operating in the presence of natural organic matter and suspended solids. The dissolved air flotation process implemented under the usual industrial conditions does not permit removal of SiO 2 nanoparticles. In this case SiO 2 removal occurs only by settling in the flocculator tank. This result can be related to the high density of SiO 2 .
Results obtained in this study for TiO 2 nanoparticles removal lead to the necessity for further investigations to identify optimized removal conditions. Particularly, lamellar settling experiments will have to be done in natural water to develop flocs bigger and stronger than those obtained in tap water. It must be highlighted that both SiO 2 and TiO 2 nanoparticle concentrations used in this study were high compared with the usual applications of the dissolved air flotation process. These concentrations were chosen in agreement with previous studies made by other authors (Leroy et al. ; Liu et al. ) .
As far as organic nanoparticles are concerned, fullerenes can be detected in a rather sensitive and specific way by HPLC, preferentially with a high resolution MS detector. Investigation of selected wastewater effluents tends to show that they are not yet widely distributed in the environment; however their detection at one site indicates that point sources cannot be ruled out.
Although characterization methods were identified in the literature for CNT, including gel permeation chromatography, field flow fractionation (FFF) and capillary electrophoresis, they are not operational yet for environmental samples, which prevents the testing of their behavior during treatment processes. Capillary electrophoresis coupled to Raman spectroscopy appears as one of the most promising candidates for CNT. The possible use of thermogravimetry coupled to mass spectrometry has just been proposed (Plata et al. ) but it is unlikely that this approach will be specific enough in real environmental samples. If the production and use of CNTs in consumer products were to grow, it is likely that they would first be detected in suspended matters using classical electron microscopic techniques. 
